Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing the burden, 
iv

List of Figures
Introduction
The split-Hopkinson pressure bar (SHPB) experimental technique has become a standard method in determining the dynamic mechanical properties of materials. The Hopkinson pressure bar technique was originally developed by B. Hopkinson (1) in 1914 to measure the pressure generated by the detonation of explosives. In 1948, R. M. Davies (2) conducted a critical study of the Hopkinson pressure bar technique. He developed the axial and radial strain measurement system and analyzed the wave dispersion effects. In 1949, H. Kolsky (3) invented the SHPB technique. In his work, he used the same system as Davies' to measure the strain. At the same time, he developed a one-dimensional (1-D) model to perform experimental data analysis. The work of Hopkinson, Davies, and Kolsky established the foundation for the development of the SHPB technique. Figure 1 shows a classic SHPB test setup, which consists of one striker bar (SB), one incident bar (IB) and one transmission bar (TB), equal in diameter and usually made from the same material. Strain gages are mounted on the surfaces of IB (SG1) and TB (SG2) to record the strain. The specimen (SP) is sandwiched between the IB and the TB. The SB, powered by pressured gas, will hit the IB. A compressive stress wave will travel along the IB and reach the IB-specimen (IB-S) interface. At this interface, one part of it will be reflected back into IB, and the rest will be transmitted to the TB through the specimen-transmission bar (S-TB) interface. The strain gage SG1 will record two waves: incident wave and reflected wave and the strain gage SG2 will record only the transmitted wave. Data reduction on these three waves will provide the stress-strain response of the specimen material under dynamic loading. The classical SHPB data analysis is based on 1-D wave propagation theory in long rods. Several assumptions have been made for the 1-D theory. Two important assumptions are as follows:
(1) stress wave propagation in the bars is 1-D, and (2) the bars are free of dispersion effects. Actually, these two assumptions are not satisfied for finite diameter bars. Based on such assumptions, the strain data measured at the middle point of the bars are directly used as the strain at the interfaces to reduce the data. Strictly speaking, wave propagation in cylindrical bars is three-dimensional (3-D) in nature: both axial and radial stresses, and strains are generated when the stress wave travel along the bar. Such variables are functions of radial dimension, so they are not uniform across the cross section. The wave dispersion effect exists, which means that the harmonic wave with higher frequencies travels more slowly than the wave with lower frequencies. Due to this effect, the wave shape keeps changing as it travels along the axial direction. This effect should be considered for accurate data reduction.
Many authors have investigated the wave dispersion effect in order to modify the classical 1-D data analysis algorithm. Their study is based on the work of Pochhammer (4) and Chree (5), who independently solved the problem of wave propagation in an infinite cylindrical rod with finite diameter and derived the frequency equation. This frequency equation establishes the relationship between phase velocities and wavelengths of harmonic waves. Later Davies (2) and Bancroft (6) solved the equation numerically for some limiting cases. With the help of modern computers, the frequency equation can be easily solved over the complete range of geometric and material parameters. Follansbee and Frantz (7) and Gong et al. (8) investigated the effect of wave dispersion correction for the SHPB test and found that significant improvement on the stress-strain data can be achieved by wave dispersion correction. During dispersion correction, Fourier transformation (FT) is used to decompose the measured strain data into its harmonic waves. The dispersion correction methodology is then applied for each component frequencies. Finally, inverse FT is performed to get the dispersed wave at the IB-S and S-TB interfaces.
Other dispersion correction methods were also suggested, e.g., in Li and Lambros (9) . Currently wave dispersion correction has become a standard procedure in SHPB data analysis.
In this report, the wave dispersion in cylindrical tubes for the SHPB application is investigated. This study has become important and indispensable because recently cylindrical tubes have been used for SHPB experiments. For example, Dowling et al. (10) performed a dynamic punch shear test to study the mechanical properties of metals. This technique uses a transmission tube in place of the TB, such that the IB can shear a cylindrical disc through the specimen. This test method is still being extensively used today. Another example is determining the mechanical properties of low-strength, low-impedance materials under dynamic loading. If solid TBs are used for the SHPB test, the noise level is so high that proper interpretation of the transmission signal becomes impossible. To solve this problem, some researchers have used visco-elastic bars e.g., see Zhao et al. (11) . The disadvantage of using visco-elastic bars is that additional assumptions have to be made about the visco-elastic material properties, which may not represent the true characteristics of the bar materials at high strain rates. Furthermore, the material properties are functions of temperature, moisture, and aging conditions, which are difficult to control. In addition, the dispersion correction algorithm now becomes very extensive and time consuming due to the visco-elastic nature of the bar materials. Other researchers have put forward the idea of using a hollow cylindrical tube for the transmission part of the SHPB test. Recently, Chen et al. (12) used IB and transmission tube made of high-strength Al alloy to measure the dynamic mechanical properties of silicon (Si) rubber materials. In this way, they obtained higher amplitude transmission signal that was achievable using a solid bar. The problem is that they did not perform any dispersion correction on the incident and transmission signals, which were collected from midpoints of the bar/tube. They used pulse shaper to filter the high-frequency components in the waveform and then claimed that dispersion correction was not necessary. This argument is not correct because the same argument can be applied to the traditional SHPB test, which means if pulse shaper is used, dispersion correction is not necessary any longer. It is not clear how to define the lower limit of high-frequency wave components without a dispersion correction methodology. The use of a pulse shaper can improve the result but cannot eliminate the necessity of dispersion correction. It is still necessary to investigate the wave propagation in a cylindrical tube and find the appropriate dispersion relations, and is the objective of the present study.
Wave propagation in infinitely long tubes has been discussed by several authors, as early as in the 1920s. Ghosh (13) This study is based on the work of Mirsky and Herrmann (16) . First, the two frequency equations will be solved again to make sure that the shell theory really gives a solution to phase speed, which is accurate enough. Then the results of M-H shell theory will be applied to the SHPB test. It will be shown that the first mode solution is correct for the SHPB application. A modified dispersion correction algorithm will be suggested to make accurate prediction of strain at the IB-S and at the specimen-transmission tube (S-TT) interfaces. Finally, the effects of the tube geometry on the accuracy of data reduction will be discussed.
Solution of M-H Model
As mentioned earlier, Herrmann and Mirsky (15, 16) 
where 
where . Such replacement guarantees that the imaginary number i will be eliminated from the equation so that the real roots can be obtained. (1/30), the phase speed decreases very quickly over the range of low δ . With increasing m, the phase speed drops more slowly with δ . There exists one minimum (valley) point for all the curves, after which speed starts to increase. It is obvious that all the curves approach to one limiting speed when δ goes to infinity. For the material properties used here, this limiting phase speed is 0.927 s c .
One important observation from phase speed solutions is that the general claim "wave components with lower frequencies travel faster than wave components with higher frequencies," which is always true for the cylindrical rod, does not always hold true for the cylindrical tubes. For small m values, the phase speed first drops then increases. When m becomes higher, the claim may hold for the whole range of δ .
On the other hand, in this study, it will be shown that the phase speed will not fall into the range where phase speed increases with δ . When we discuss the results later, for simplicity, we still use the claim that the lower frequency wave moves faster.
Bancroft (6) solved the frequency equation for the cylindrical rod. He gave the value of c k c / c when δ approaches infinity. Herrmann and Mirsky (15) also gave these values. The comparison is shown in figure 4 . It is clear that these two sets of solutions are exactly the same, which also verifies the correctness of M-H models. Now it is proven that the 3-D theory and the shell theory give solutions that can be considered the same. Shell theory solutions will be used for further investigation. The advantage of using the shell theory model is that the frequency equation of the shell model is not transcendental, so it is straightforward to include the model into a computer code.
Mirsky and Herrmann discussed the first-mode solution thoroughly. But they were not sure if wave motion in tubes always follows the first-mode solution, and they did not mention the application of their models to the SHPB experiment either. So it is not clear if the first-mode solution can be used to determine the phase speed in the SHPB experiments. Follansbee et al. (7) proved that the solid cylindrical bars in the SHPB experiment vibrate in the first mode, so it may also be true for the hollow cylindrical tubes. To prove this assumption, 3-D finite element analysis is performed to simulate the wave motion in the tubes and is compared with the shell theory for the first mode.
Modification of Traditional Dispersion Algorithm
Solution of Phase Speed
In predicting the dispersed waveform by M-H shell model, the first step is to determine the phase speed of every harmonic wave component. Another equation is required in addition to the Λ / h c / c s relationship shown in figure 3:
which is equivalent to
Here can be determined numerically from equation 3. With the help of this observation, the phase speed of wave components can be determined using equations 3 and 4.
Reconstruction of Waveform
A modification is suggested in this study on dispersion correction. In traditional dispersion correction algorithm, the following equation is used to reconstruct the waveform:
Here, k 0 A , A , and k B are the coefficients of harmonic wave components determined by Fourier transform (FT). z ∆ is the distance between the strain gage and the destination position. k c is the phase speed of the wave with frequency 0 kω . This modification is explained in figure 5 . Suppose there are two sinusoidal waves sin(t) and sin(2t) traveling together in a tube. At location A, the two waves are in phase. Now let them travel forward to location B. Because the wave with higher frequency travels slower than the wave with lower frequency, wave sin(t) will arrive at location B earlier (at time T 1 ) than sin(2t) (at time T 2 ). From time T 1 to time T 2 , the contribution from wave sin(2t) to stress and strain at location B should be zero because it has not arrived yet. In the traditional algorithm, the stress and strain response is taken to be sin(2(t-L AB /c 2 +L AB /c 0 )), where L AB is the distance between location A and location B, c 2 is the phase speed for sin(2t), and c 0 is the fundamental speed. 
The higher frequency wave travels slower than the lower frequency wave. The lower frequency wave reaches location B at time T 1 . No response should be generated by the higher frequency wave at location B until after time T 2 .
After the coefficients 0 k A , A , and k B are determined, this modified dispersion algorithm is applied to each harmonic component in reconstructing the waveform. , and density 850 7 = ρ Kg/m 3 . A trapezoidal stress pulse is applied at one end of the tube, and the wave propagation in the tube is monitored. The other end is assumed to be traction free, so the stress wave will reflect from that end. Due to the symmetric nature of this problem, only one quarter of the tube is analyzed.
Finite Element (FE) Analysis
Commercial FE analysis code ABAQUS/Explicit * was used to perform the analysis. Element type C3D8R, which is 8-node brick element with reduced integration, was used to generate the mesh. The numbers of elements along the radial direction, tangential direction, and axial direction are 5, 20, and 600, respectively, with a total of 60,000 elements. These elements are uniformly distributed along the axial direction. Figure 6 shows the model and the mesh generation. The boundary conditions are set as follows: zero x displacement along edge 0 X = ; and zero y displacement along edge 0 Y = . Figure 7 defines the trapezoidal stress pulse applied on the end face 0 Z = . The stress history is defined with several time and stress parameters as described in figure 7 . The values used in the present analyses are as follows: . Plots in the left column show the complete strain history, and the closer views in the peak region are listed in the right column. From the four plots in figures 9 and 10, it is obvious that the predictions by the M-H model and FEM analysis are very close. The rising parts of the waves are almost overlapping. For the peak part, the Pochhammer modes match very well. The only difference is that for the M-H model, the beginning part of the waves is abnormal, which will be explained later. The results in figures 9 and 10 prove that the cylindrical tubes in the SHPB experiment also vibrate in the first mode. Figure 11 compares the wave dispersion results by the traditional algorithm, and the new algorithm used in this study. Here the strain data are plotted in the opposite sign. The results by the traditional algorithm are not smooth, and discontinuities are seen over the peak part of the waves. On the contrary, the modified algorithm predicts fairly smooth waveform. From the smooth waves, the number of Pochhammer modes can be clearly counted. If the old algorithm is compared to FE results, it is nearly impossible to reach the conclusion that wave motion in tubes follows the first-mode solution of M-H model. The comparison clearly verifies the correctness and necessity of the new algorithm. But why does the traditional algorithm work for rods? Figure 12 gives an example for the use of both algorithms on the rod with .
Results and Discussion
It is seen that the predicted wave by traditional algorithm still has some discontinuous response in the later part of the wave peak, although the difference between the two algorithms is not as significant as for the tubes. From figure 3 , it can be seen that the phase speed in rods changes very slowly with , δ compared with phase speed in tubes. This leads to more Pochhammer modes for rods than the tubes. Because the irregularities occur at the later part of the wave peak, the traditional algorithm still gives wave dispersion prediction accurate enough for engineering application, and the shortcoming of the traditional algorithm is concealed. In this study of wave dispersion in tubes, the limitation of the traditional wave dispersion algorithm is identified first.
The first part of the wave dispersion prediction by the new algorithm shows abnormal behavior. This is because at the beginning, relatively few wave components contribute to the dispersed wave, which can be seen from the algorithm described earlier. long tubes and continuous wave components. Under these assumptions, at any instance, all the wave components contribute to the whole waveform, so this abnormal behavior will not be seen. This phenomenon cannot be seen in real tests or in an FEM simulation either. When the new algorithm is used to predict the dispersed wave, it is assumed that the wave has period of 1400 s µ during which the FT is performed. This input wave is a pulse wave rather than a continuous wave. The new algorithm does not allow any summation of wave components if the travel time condition is not satisfied. Thus the initial data are spurious till all the wave components have arrived at the particular point of interest. This problem can be resolved by taking a wider time window during FT and reducing the window during reconstruction.
When rods are used in the SHPB test, the only geometric parameter affecting the wave propagation in rods is the radius. If tubes are used in the SHPB test, two more parameters are involved: the inner radius and the m value. Among the outer radius, inner radius, tube wall The discussion below will focus on h and m. It can be seen from figure 3 that when m takes lower values, the phase speed decreases more quickly when δ is small. For a fixed m value, when the tube wall is thinner, the phase speed for all the wave components will be closer than when the h value is higher. This can be seen graphically from figure 3. So lower m values and higher h values will make the phase speed decreases faster as a function of frequency, which will make the wave become wider and wider when it propagates in the tube. To catch all the wave components, a wider time window must be used to process the strain data. Usually a computer code is used to automatically select the processing window. For example, Leber's method (18) finds the processing window in the following way: first find a window between the point where the wave rises and the point where the wave drops to zero again. Another window that is ~33% wider than the first window and includes the first window in the middle is used as the processing window. If the wave becomes too wide, an incorrect window may be chosen which omits some important components. Furthermore, the incident wave, and the reflected wave will not contain the same amount of information because the reflected wave is wider than the incident wave, but the processing windows are still the same width. To obtain an accurate result, it is recommended to use a tube with higher m value and lower h value. Such a combination is actually not difficult to realize.
When tubes are used in the SHPB technique, several configurations of the apparatus are possible.
If an incident tube and a transmission tube are used as the apparatus, it is recommended that one hollow cylindrical specimen be used. This requires that the tubes and the specimen have the same inner and outer diameters. The advantage of this configuration is that the 1-D requirement of the SHPB technique can be better satisfied than using rods. Figure 13 shows the stress history at the integration point of all the five elements at z 1.00 = m along the radial direction. It is seen that for all five elements, the axial stress history zz σ vs. time is nearly the same. The normal stresses in the other two directions are also plotted. Figure 13 also shows that the stress xx σ is very low (maximum is 13 MPa) compared to zz σ (maximum is 580 MPa), and the stress yy σ is even lower (maximum is 0.7 MPa). So the stress distribution can be considered as 1-D, and the axial stress distribution is uniform across the cross-section of the tube. The strains in x and y directions can be considered only due to Poisson's effect. Another option is described by Chen (12) , where only the TT is used. When this configuration is used, a cap must be inserted between specimen and TT to transfer the load. It is not clear what effect this cap might have on the stress wave propagation and will be addressed in a separate work. 
Conclusions
In this report, wave dispersion in cylindrical tubes applied to the SHPB experiments is studied. The main conclusions are as follows:
1. The M-H shell model gives the same result as the 3-D model.
2. The FE study shows that wave propagation in tubes follows the first-mode solution of the M-H shell model.
3.
A new dispersion algorithm is suggested, and it can better predict the dispersion wave.
4. For purpose of the SHPB application, tubes with higher m and lower h values should be used.
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